The recent observation of the reverse Hall-Petch relation in nanocrystalline ceramics offers a possible pathway to achieve enhanced ductility for traditional brittle ceramics via the nanosize effect, just as nanocrystalline metals and alloys. However, the underlying deformation mechanisms of nanocrystalline ceramics have not been well established. Here we combine reactive molecular dynamics (RMD) simulations and experimental transmission electron microscopy to determine the atomic level deformation mechanisms of nanocrystalline boron carbide (B 4 C). We performed large-scale (up to ∼3 700 000 atoms) REAXFF RMD simulations on finite shear deformation of three models of grain boundaries with grain sizes from 4.84 (135 050 atoms) to 14.64 nm (3 702 861 atoms). We found a reverse Hall-Petch relationship in nanocrystalline B 4 C in which the deformation mechanism is dominated by the grain boundary (GB) sliding. This GB sliding leads to the amorphous band formation at predistorted icosahedral GB regions with initiation of cavitation within the amorphous bands. Our simulation results are validated by the experimental observations of an intergranular amorphous GB phase due to GBs sliding under indentation experiments. These theoretical and experimental results provide an atomistic explanation for the influence of GBs on the deformation behavior of nanocrystalline ceramics, explaining the reverse Hall-Petch relation.
In polycrystalline metals, grain boundaries (GBs) act as obstacles for mobile dislocations [1, 2] , so that decreasing grain size increases the maximum yield strength up to the point at which GBs start to slide, which is known as the well-established Hall-Petch relationship. Application of this Hall-Petch relationship to nanocrystalline ceramics would be especially attractive because it might be expected to achieve both high strength and enhanced ductility similar to that of metals [3] . However, although conventional HallPetch relationship has been observed in nanocrystalline ceramics [4] , its mechanisms remain unknown because the dislocation migration so important in metals is usually absent in most ceramics. In addition, the Hall-Petch relationship breaks down in metal alloys when grain size is reduced below a critical value, where the strength and hardness decrease with grain sizes [5] [6] [7] . This is because the activation of dislocations requires a higher stress than that of other deformation mechanisms such as GB sliding, GB diffusion, and GB rotation [8, 9] . Indeed, recent experiments on nanocrystalline magnesium aluminate (MgAl 2 O 4 ) spinel showed the Hall-Petch relationship breaks down as the grain size decreases to ∼20 nm [10] . This suggests that GBs play a quite different role in the deformation and failure mechanisms of ceramics as compared to metals although the grain size effects might be similar in metals and ceramics.
Mechanical responses of nanocrystalline ceramics have been examined by means of both experiment and computer simulations [10] [11] [12] [13] [14] [15] . However, the results on nanocrystalline ceramics are scarce and the breakdown of the HallPetch relationship remains controversial. For example, Ryou et al. [10] showed in MgAl 2 O 4 ceramic that the maximum hardness at a grain of 18.4 nm and a reverse Hall-Petch region were observed as the grain size is decreased to 5 nm. They found the presence of nanocracks near triple junctions with increasing grain boundary volume fraction as the grain size reduced from 18.4 to below 5 nm. Liao et al. [11] showed a 50 GPa hardness of nanocrystalline SiC when the grain sizes are 10 to 20 nm and the crystalline fractions are in the range of 80%-85%. Later, Szlufaraka et al. [12] revealed the crossovers from intergranular continuous deformation to intragrain discrete deformation arising from the interplay between cooperative grain sliding, grain rotations, and intergranular dislocation formation. Although these molecular dynamics (MD) results indicate an essential role of switching from deformation dominated by crystallization to deformation dominated by disordering, the dynamics in the GB phase transition and the physical mechanisms of the local amorphization are not well understood.
Superhard ceramics provide the possibility of local amorphization at GBs under deformation, which is not expected in metal alloys. However, the complex structures and chemical bonding in GBs [13, 14] obscure the dynamics in the GB phase transition and the physical mechanisms of the local amorphization since it is hard to characterize the atomistic structures within such highly inhomogeneous microstructures experimentally [15] . As a model system for examining how GBs affect the mechanical response of superhard ceramics, we selected boron carbide (B 4 C) because of its superior properties such as high hardness, high Hugoniot elastic limit (HEL), low density [16] [17] [18] [19] [20] [21] , and its abnormal shear strength reduction under high pressures [22] [23] [24] . Previous experiments revealed that amorphous shear band formation is the dominant deformation and failure mode of B 4 C resulting in shear softening and brittle failure [25] [26] [27] . We have recently explained the origin of the amorphous shear band formation and its role in brittle failure [28, 29] .
In this Letter, we examine the deformation mechanism of nanocrystalline B 4 C (n-B 4 C) by combining state-of-the-art spherical-aberration (Cs)-corrected atomic resolution transmission electron microscopy (TEM) experiments with reactive molecular dynamics (RMD) simulations using the REAXFF reactive force field. We performed RMD simulations on finite shear deformations of three models of n-B 4 C at room temperature. Indeed, our RMD simulations find the reverse Hall-Petch relationship in n-B 4 C with the main deformation mechanism being GBs sliding. We employed annular bright field STEM (ABF-STEM) to give clear evidence of the amorphous GB phase formed by GB sliding under nanoindentation at ambient temperature that causes the relative plastic deformation in n-B 4 C. The experimentally observed GB deformation and amorphization provide direct evidence of GBs sliding that validate our RMD simulations in n-B 4 C.
Deformation mechanism of nanocrystalline B 4 C from RMD simulations.-In order to illustrate the deformation mechanism of n-B 4 C, we constructed three n-B 4 C models using a Voronoi polyhedral approach [the details are described in the Supplemental Material [30] ]. The grain size varies from 4.84 to 14.64 nm to illustrate the grain size effects on the strength of n-B 4 C, as shown in Fig. S1 of the Supplemental Material [30] . Figure 1 (a) displays the shear-stress−shear-strain relationships of these three n-B 4 C models under finite shear deformation. The maximum shear stresses for these three n-B 4 C models are 28.45 GPa for GB1, 29.07 GPa for GB2, and 29.25 GPa for GB3. The shear-strength−grain-size relationship is plotted in Fig. 1(b) showing that the shear strength increases as the grain size increases to ∼15 nm. This is the same reverse Hall-Petch relationship observed in MgAl 2 O 4 [10] and metal alloys [34] .
To explain this reverse Hall-Petch relationship in n-B 4 C and extract the detailed deformation mechanism, we show snapshots of the three n-B 4 C systems at critical shear strains in Figs. 1(c1)-1(e3). To examine the local atomic shear, we computed the von Mises shear strain n Mises i for each atom [35] (the details are shown in the Supplemental Material [30] ):
The detailed deformation process involves the following steps:
(i) The shear stress τ decreases continuously at a constant rate from the initial structure indicating holistic elastic deformation. The linear elasticity ends at the shear strain of 0.25, 0.275, and 0.3 for GB1, GB2, and GB3 systems, respectively. During this process, no significant local deformation is observed, as shown in Figs. 1(c1), 1(d1), and 1(e1).
(ii) For larger strains we observe a decreased slope in the shear-stress−shear-strain curves suggesting a plastic deformation process. For the GB1 model with the smallest grain size, we observed a relatively large plastic deformation range, from 0.25 to 0.5 shear strain, representing being more ductile than the other two GB models that possess larger grain sizes. For the GB2 and GB3 models, only a narrow plastic deformation range (∼0.05 shear strain) is observed, indicating a brittle character for larger grain n-B 4 C. The von Mises shear strain analysis indicates that the most slipped atoms distribute within the GB regions for all three GB models, suggesting that the dominant deformation mechanism of n-B 4 C is GBs sliding. In the GB1 model, the atomic strain analysis suggests that a larger portion of predisintegrated icosahedra leads to more fractured icosahedra along GBs, resulting in larger plastic deformation region. This is consistent with our QM study on GBs in B 4 C showing that the high energy GB model is more ductile than the low energy GB model [36] .
(iii) The maximum shear stress is achieved before failure initiates. The maximum shear stress for GB1, GB2, and GB3 are 28.45 GPa at 0.5 shear strain, 29.07 GPa at 0.33 shear strain, and 29.25 GPa at 0.37 strain, respectively [ Fig. 1(a) ]. As the grain size is reduced, the fraction of GB atoms in n-B 4 C increases, leading to the decreased maximum shear stress. This explains the observed reverse HallPetch relationship in n-B 4 C.
(iv) Amorphization appears as the shear strain passes the critical shear strains which are 0.5 for GB1, 0.33 for GB2, and 0.37 for GB3. The amorphous bands form at these crossover regions where predistorted icosahedra exist since they fracture more easily under severe stress conditions. These amorphous bands are along the GBs, as shown in Figs. 1(d2) and 1(e2). Thus, the continuous shear leads to amorphous band formation in the GBs regions [2-3 nm in width, shown in Figs. 1(d2) and 1(e2)], which significantly relieves the shear stress.
(v) Cavitation and crack initiation start after amorphous band formation, as shown in Figs. 1(d3) and 1(e3) . The cavitation initiates within the amorphous bands for GB1, GB2, and GB3 at 0.45, 0.4, and 0.52 shear strain, respectively. Then, the crack opening further relaxes the shear stresses to 25.75 GPa for GB1, 21.50 GPa for GB2, and 20.40 for GB3. The crack opening in all three GB models suggests that the major facture mode in the n-B 4 C is intergranular fracture. The experimental observation of transgranular fracture in microsized polycrystalline B 4 C [37] may arise from microsize pores and secondary phases formed in the synthesis process.
Local deformation mechanism along GBs.-Previous experiments showed that GBs have a profound influence on mechanical properties of nanocrystalline ceramics, such as hardness, elastic modulus, and fracture behavior [10] . In order to extract the critical local state evolution of the GB under shear deformation, we analyze the shear stress and densities as a function of shear strain by selecting a 1 nm × 1 nm × 1 nm cube in one of the triple-junction regions of the GB2 model, as shown in Fig. 2 . We extracted snapshots of the critical states to analyze the local deformation mechanism.
(i) First, the density keeps nearly constant as the shear strain increases to 0.2, indicating that this triple junction is undergoing an elastic deformation.
(ii) Both the shear stress and density increase slightly at 0.2 shear strain but start to decrease from 0.225 shear strain, suggesting deconstruction of some predistorted icosahedral clusters.
(iii) As the shear strain increases to 0.275, the shear stress reaches the maximum value of 32.23 GPa, which is higher than the maximum shear strength of the whole system [ Fig. 1(b) ]. This is due to the stress localization, leading to initiation of the amorphization.
(iv) Then, the continuous shear develops further amorphization, significantly relieving the shear stress to 11.96 GPa at 0.375 shear strain.
(v) Cavitation initiates in the amorphous region at 0.4 shear strain, which relaxes the shear stress to 0 while significantly decreasing the density to 0.12 g=m 3 at 0.475 shear strain because of the cavity formation.
Deformation response of n-B 4 C through experimental measurements.-To validate these theoretical predictions on GB deformation and amorphization in n-B 4 C, we performed nanoindentation tests on cantilever beams of the n-B 4 C samples. The n-B 4 C samples were prepared by high pressure sintering at a relatively low temperature of 1600°C using hot isostatic pressing in order to retain the original nanosize of B 4 C green powders. A representative low magnification TEM image of the as-sintered n-B 4 C shows mostly equiaxial grains with grain sizes ranging from 40 to 150 nm [ Fig. 3(a) ], which are the smallest grain size achieved in n-B 4 C in the literature. Our TEM image shows clearly evidence for high densities of nanopores distributed homogenously throughout the sample, resulting from the lower sintering temperature. A high resolution TEM image acquired from a high-angle GB shows very sharp interface without detectable second phases [ Fig. 3(b) ]. In order to investigate and understand the deformation-failure mechanism of the n-B 4 C, we carried out cantilever beam tests. Figure 3(c) shows a representative freestanding cantilever beam, imaged in a scanning electron microscope (SEM) image fabricated using a focused ion beam (FIB). We note that there are some pores on the surface in the cantilever near the pivot site, as indicated by black arrows in Fig. 3(c) . These tests on cantilever beam specimens (L-49 μm, W-12 μm, and t-6.5 μm) were performed using nanoindentation by loading up to 5 mN within 1 s and keeping constant at 5 mN for 1000 s at very low strain rates of ∼10 −8 1=s. The indentation force was applied to the freestanding cantilever at the location shown by the red arrow [ Fig. 3(c) and Fig. S2 of the Supplemental Material [30] ]. The time displacement for tests at the red arrow position on n-B 4 C sample is illustrated in Figs. S3 and S4 of the Supplemental Material [30] . The resultant time-displacement curve of cantilever deformation [ Fig. 3(e) ] shows a linear behavior initially, up to a displacement of ∼255 nm, followed by deviation as estimated by slope of 0.01 1=nm, with a long time duration of about 1000 s. The small drops represented by black arrowheads in the displacement-time curve [ Fig. 3(d) ] may correspond to the sliding of individual fine grains, lying beneath the indenter. These observations suggest the presence of plastic deformation in n-B 4 C, and we deduce that the experience of high stresses may cause grain sliding during nanoindentation. Figure 3 (e) displays the SEM image of cantilever at the maximum loading force, in which fracture appears to have taken place in an intergranular mode at a large pore size on surface of the cantilever.
Local deformation characterization of n-B 4 C.-To illustrate the precise underlying deformation of n-B 4 C, we prepared a cross-sectioned thin foil from the indent region using FIB milling (Fig. S5 of the Supplemental Material [30] ). We used TEM and scanning TEM (STEM) observations to examine the underlying deformation mechanism of n-B 4 C at the atomic level. The low magnification TEM image [ Fig. 4(a) ] beneath the indenter region shows clearly the elimination of nanoporosity as compared to as synthesized n-B 4 C [ Fig. 3(a) ]. Furthermore, the high resolution TEM image [ Fig. 4(b) ] revealed a high degree of structural disorder (i.e., amorphous with a width of ∼1.5 nm) at the triple junction point and GB. This suggests that the plastic deformation originates primarily from the GB amorphization which is most likely caused by GB sliding as suggested by the RMD simulations. Such an intergranular amorphous region could have formed to relieve the stress accumulation in the GB regions and triple junction points. Importantly, no dislocation activity or intragranular amorphous shear bands are observed, which is consistent with the theoretical prediction of the reverse Hall-Petch relation in nanocrystalline ceramics and B 4 C. This behavior is different from microsized polycrystalline ceramics, such as alumina, silicon carbide, and boron carbide, which experience brittle failure by cleavage under high stresses [27, 38, 39] . Annular bright field STEM (ABF-STEM) [ Fig. 4(c) and Fig. S5 of the Supplemental Material [30] ] shows the atomic structure of the plastically deformed n-B 4 C. The bright spots in the ABF-STEM image [Fig. 4(c) ] represent a distinct atomic structure with a periodic arrangement of icosahedral clusters of B 4 C. On the other hand, increased structure disorder with the formation of a visible amorphous zone can be observed at the GB, which is distinctly different from the crystalline structure [ Fig. 4(c) ]. The amorphous B 4 C could be formed by GB shear deformation at the high contact pressure of nanoindentation. The STEM electron energy loss spectroscopy (EELS) spectra within the amorphous zone shows a boron (B) and carbon (C) ratio of 4∶1 close to the n-B 4 C grains [ Fig. 4(d) and Fig. S6 of the Supplemental Material [30] ]. These observations suggest that amorphous GBs contribute to the plastic deformation through GB sliding in the superhard n-B 4 C.
GB sliding was observed directly in n-B 4 C from RMD simulations. In addition, combining the nanoindentation and TEM experiments also suggested the GB sliding deformation mechanism in n-B 4 C. It is worth noting that there are no nanopores in the simulation models while high densities of nanopores were present in the experimental samples because of relative low synthesizing temperature. Even the n-B 4 C samples are different, the GB sliding are the dominate deformation mechanism in both porous n-B 4 C and nonporous n-B 4 C. Under highly compressive and shear stress nanoidentation conditions, these nanopores in n-B 4 C are eliminated, which makes the experimental n-B 4 C samples close to our models in RMD simulations. Practically, the observed intergranular amorphous GB phase under nanoindentation agrees very well with and validated by our RMD simulation prediction that the amorphous phase forms due to the GB sliding.
B 4 C and related materials suffer from the brittle failure with very limited plastic deformation, which prevents their extended engineering applications. Therefore, it is essential to enhance their ductility and strength. Our current study on n-B 4 C showed that GB sliding can significantly promote the plastic deformation and therefore enhance the ductility. In addition, the GB sliding facilitates the intergranular fracture rather than transgraunular fracture in microsize B 4 C, enhancing the toughness. Therefore, a critical design to improve the ductility and toughness of B 4 C is to decrease the grain size to nanoscale.
In summary, we examined the deformation mechanism of n-B 4 C by combining microscale mechanical measurements, TEM observations, and REAXFF RMD simulations. The deformation of n-B 4 C displays a reverse Hall-Petch effect due to the GB sliding mechanisms. The ductility of n-B 4 C increases as the grain size decrease to ∼5 nm due to the high-energy GB development under shear deformation. The amorphous bands nucleate first at the intersections of GBs and then develop into 2-3 nm wide amorphous zones. These amorphous GB phases could have contributed to the significant plastic deformation to promote GB sliding in superhard B 4 C ceramic. Our experimental and theoretical studies provide an atomic level explanation of the and interface region (B) shows no difference in boron and carbon ratio suggesting that amorphization at the GBs has taken place during GB sliding that accompanies the significant plastic deformation before crack initiation.
